Rhizobial nodulation factors (NFs) activate a specific signaling pathway in Medicago truncatula root hairs that involves the complex interplay of Nodulation Signaling Pathway1 (NSP1)/NSP2 GRAS and Ethylene Response Factor Required for Nodulation1 (ERN1) transcription factors (TFs) to achieve full ENOD11 transcription. ERN1 acts as a direct transcriptional regulator of ENOD11 through the activation of the NF-responsive "NF box." Here, we show that NSP1, when combined with NSP2, can act as a strong positive regulator of ERN1 and ENOD11 transcription. Although ERN1 and NSP1/NSP2 both activate ENOD11, two separate promoter regions are involved that regulate expression during consecutive symbiotic stages. Our findings indicate that ERN1 is required to activate NF-elicited ENOD11 expression exclusively during early preinfection, while NSP1/NSP2 mediates ENOD11 expression during subsequent rhizobial infection. The relative contributions of ERN1 and the closely related ERN2 to the rhizobial symbiosis were then evaluated by comparing their regulation and in vivo dynamics. ERN1 and ERN2 exhibit expression profiles compatible with roles during NF signaling and subsequent infection. However, differences in expression levels and spatiotemporal profiles suggest specialized functions for these two TFs, ERN1 being involved in stages preceding and accompanying infection thread progression while ERN2 is only involved in certain stages of infection. By cross complementation, we show that ERN2, when expressed under the control of the ERN1 promoter, can restore both NF-elicited ENOD11 expression and nodule formation in an ern1 mutant background. This indicates that ERN1 and ERN2 possess similar biological activities and that functional diversification of these closely related TFs relies primarily on changes in tissue-specific expression patterns.
Legumes have the capacity to establish symbioses with several soil microorganisms in order to overcome nutrient limitation. In particular, the specialized rhizobial/legume symbiosis leads to the formation of a novel organ, the root nodule, within which the nitrogen-fixing bacteria convert atmospheric nitrogen to a form that can be assimilated by the host plant. Legumes enter into symbiosis with rhizobia following a reciprocal molecular dialogue between the two partners in which rhizobial-secreted lipochitooligosaccharide signal molecules called Nod factors (NFs) play a key role. NFs consist of an oligomeric backbone of b-1,4-linked GlcNAc residues, N-acylated at the nonreducing end, and with specific decorations required for successful host recognition and for subsequent root infection and initiation of nodule organogenesis (for review, see Den Herder and Parniske, 2009; Oldroyd et al., 2011) .
In temperate legumes, such as Medicago spp., rhizobial infection is usually initiated in root hairs (RHs) and is concomitant with cortical cell reprogramming and division, giving rise to a nodule primordium positioned directly below the infection site. Nodulation is generally initiated in a region of the root close to the root tip. In this susceptible root zone, bacteria-host recognition takes place and activates a specific NF signal transduction pathway that leads to host gene expression, as illustrated by the epidermal expression of the well-characterized ENOD11 marker gene of the model legume Medicago truncatula coding for a putative cell wall-associated Repetitive Proline-Rich protein (Boisson-Dernier et al., 2005) . Subsequently, rhizobia attach to growing RHs, are entrapped within curled RH tips, and then enter the plant cell via the progressive formation of a host-derived inwardly growing tubular compartment known as the infection thread (IT). The rhizobia-containing IT progresses from RHs through the root outer cortex toward the nodule primordium, which has been formed by successive activation and division of inner root cortical cells. Having reached the nodule primordium, bacteria from ITs are then released into host cells. Subsequent growth and differentiation result in the development of the "indeterminate" nodule structure that in Medicago spp. is composed of an active apical meristem followed by different zones of concomitant bacterial and plant cell differentiation.
Purified NFs are sufficient to trigger many of the early plant symbiotic responses normally observed during preinfection stages of the interaction. Genetic and molecular dissections of nodulation using the model plants M. truncatula and Lotus japonicus have led to the identification of host genes essential for early NF perception/transduction (for review, see Den Herder and Parniske, 2009 ). Epidermal cells perceive NFs through LysM domain receptors Nod Factor Perception or Nod Factor Receptor1/Nod Factor Receptor5 (Madsen et al., 2003; Arrighi et al., 2006; Radutoiu et al., 2007; Indrasumunar and Gresshoff, 2010; Indrasumunar et al., 2011) that in turn activate a specific signal transduction pathway involving the receptor-like kinase Doesn9t Make Infections2 (DMI2) or Symbiosis Receptor Kinase (Endre et al., 2002; Stracke et al., 2002) , the cation channels DMI1, CASTOR, and POLLUX Charpentier et al., 2008) , and the nuclear pore components NUP85, NUP133, and NENA (Kanamori et al., 2006; Saito et al., 2007; Groth et al., 2010) , all of which are required for the generation of sustained calcium oscillations that take place both within the nucleus and the surrounding cytoplasm (Sieberer et al., 2009; Capoen et al., 2011) . In the nuclear compartment, this calcium signal is believed to be deciphered by the calcium calmodulin kinase DMI3 or Calcium/Calmodulin-dependent Kinase (CCaMK; Lévy et al., 2004; Mitra et al., 2004) interacting with the coiled-coil domain-containing protein Interacting Protein of DMI3 or CYCLOPS (Messinese et al., 2007; Yano et al., 2008) , which are essential for subsequent steps leading to gene expression that precedes rhizobial infection. Several of these genes required for the generation or the decoding of the calcium signal are also essential components of arbuscular mycorrhizal (AM) symbiotic signaling and are referred to as common symbiotic genes (for review, see Oldroyd et al., 2011) . It has been suggested that other signaling pathways act downstream of NF perception in parallel to the common symbiotic genes, including genes such as Plant U-box protein1 (Mbengue et al., 2010) and Vapyrin (for review, see Murray, 2011) .
Studies performed in M. truncatula have demonstrated that early NF signal transduction leads to the specific transcriptional activation of the ENOD11 gene in the epidermis. Calcium oscillations and downstream GRAS (NSP1 and NSP2) and Ethylene Response Factor (ERF; ERF Required for Nodulation1 [ERN1]) transcription factors (TFs) are essential for full-level ENOD11 gene transcription in RHs responding to NFs (Catoira et al., 2000; Oldroyd and Long, 2003; Miwa et al., 2006; Middleton et al., 2007) . Genetic analysis has positioned the GRAS-type regulators NSP1 and NSP2 upstream of ERN1, and they have been implicated in the direct regulation of this gene, since NSP1 was shown to bind directly to ERN1 promoter sequences (Hirsch et al., 2009) . Although NSP2 does not directly bind to DNA, the formation of an NSP1/NSP2 heterodimer is necessary for NSP1 DNA-binding activity, which occurs through AT-rich regulatory DNA sequences (NRE) found in the promoters of several symbiotic genes. Nevertheless, it has not yet been formally demonstrated that NSP factors can act as transcriptional regulators of their potential targets. The ERN1 TF has in turn been shown to act as a transcriptional activator and to play a direct role in ENOD11 gene regulation in response to NFs. Indeed, we have been able to show that ERN1, essential for ENOD11 transcription, activates the transcription of its target through the interaction with a specific NF-responsive sequence (the NF box), which is required and sufficient for NF-elicited expression in M. truncatula RHs (Andriankaja et al., 2007; Middleton et al., 2007) . The NF box is also recognized and activated by the closely related ERN2 TF, whose function may be partly redundant with ERN1 (Andriankaja et al., 2007) .
Although positioned by genetic analysis upstream of ERN1, NSP1 has also been shown to bind to the promoter of ENOD11 (Hirsch et al., 2009 ). Nevertheless, it has not been determined whether this binding has any role in the regulation of ENOD11 in response to NFs, bearing in mind that ENOD11 is also expressed during later symbiotic stages. Indeed, ENOD11 displays a complex expression profile during early stages of the symbiotic association with Sinorhizobium meliloti (Boisson-Dernier et al., 2005; Andriankaja et al., 2007) . In addition to the initial NF signaling-related expression in RHs mediated by the NF box, ENOD11 is also subsequently expressed during rhizobial infection, both in RHs and outer cortical (OC) tissues at localized infection sites. This infection-related expression is mediated by a second regulatory region located within the first 257 bp of the ENOD11 promoter. At present, nothing is known about the TFs involved in the regulation of ENOD11 during infection. Moreover, ENOD11 gene regulation probably involves, as for many eukaryotic genes, the interplay of TFs acting either as positive or negative regulators. This is probably the case of ERN3 and Nodule Inception (NIN), not directly involved in ENOD11 activation but potentially playing rather a negative role in ENOD11 transcriptional regulation (Andriankaja et al., 2007; Marsh et al., 2007) .
Genetic and transgenic approaches have revealed that symbiotic NSP, NIN, and ERN1 are not only required during early rhizobial preinfection (NF signaling) and infection steps but also for nodule organogenesis, in which they appear to act downstream of DMI3 and cytokinin signaling (Tirichine et al., 2007; Madsen et al., 2010; Heckmann et al., 2011; Plet et al., 2011) . Despite the requirement for ERN1 during different steps of the nodulation process, the ern1 mutant (also called bit1; Middleton et al., 2007 ) has a less severe phenotype compared with plants mutated in other NF signaling genes. This could be due to the presence of the closely related ERN2 TF that may act redundantly with ERN1 during different symbiotic stages (Andriankaja et al., 2007; Middleton et al., 2007) .
In this paper, we have addressed the question of whether the GRAS NSP1 and NSP2 TFs can act as transcriptional activators and to what extent NSP and ERN1 TFs are involved in the regulation of ENOD11 expression during different symbiotic stages. We first demonstrate that symbiotic GRAS TFs display strong transcriptional activities toward their target genes, in particular when NSP1 is combined with NSP2. Furthermore, NSP1/NSP2 and ERN1 both regulate the transcription of ENOD11, but through different promoter regulatory regions related to distinct symbiotic stages. We then addressed the functional relationship between ERN1 and the closely related ERN2. Detailed analyses of the regulation and in vivo dynamics of these two TFs during different preinfection and infection stages has revealed tight tissue-specific regulation, with both overlapping and distinctive profiles. This suggests subtle differences in the roles for these two factors during rhizobial infection. Finally, cross-complementation studies have shown that ERN2 can functionally replace ERN1 when expressed under the control of the ERN1 promoter. Together, these findings imply that the coordination of the multiple stages involved in the complex rhizobial infection process requires finely tuned transcriptional regulation of the various symbiotic TFs involved.
RESULTS

NSP1/NSP2 and ERN1 TFs Activate Target Gene Expression through Different Signaling Pathways
NSP1 is essential for NF-elicited expression of ERN1 (Supplemental Fig. S1 ) and was shown to directly bind to ERN1 promoter sequences (Hirsch et al., 2009) . To evaluate whether NSP1 can act as a transcription regulator of this putative target gene, transient expression assays in Nicotiana benthamiana were performed by coinfiltration of NSP1 or NSP1-and NSP2-expressing constructs together with a 2.3-kb pERN1:GUS reporter. As shown in Figure 1A , expression of NSP1 and NSP2 together led to a strong transcriptional activation of the pERN1:GUS target. This demonstrates that NSP1/ NSP2 factors, when coexpressed in the same cell, act as strong transcription activators. Our results also indicate that the formation of a NSP1/NSP2 heterodimer is probably necessary for efficient transcriptional activity, and this is consistent with previous reports showing that NSP1/NSP2 dimer formation is required for NSP1 in vivo DNA binding (Hirsch et al., 2009) .
Our data show that NSP1/NSP2 directly regulates the transcription of ERN1, while ERN1 is in turn essential for NF-elicited expression of ENOD11 in RHs (Supplemental Fig. S1 ). Recently, NSP1 has been shown to bind to the promoter of ENOD11 (Hirsch et al., 2009) , raising the question of whether NSP1 also participates in the regulation of ENOD11. To determine whether NSP1 can play a direct role in NF-elicited regulation of ENOD11, we performed transactivation experiments using gain-of-function constructs shown before to be sufficient for NF-elicited expression of ENOD11 in M. truncatula RHs (Andriankaja et al., 2007) . The gainof-function constructs used here comprise tetramers of either the minimal (approximately 30 bp) NF box sequence (43 NF box; Fig. 2B ) or the (approximately 50 bp) NFE regulatory region containing NSP1-binding sites in addition to the NF box (43 NFE; Supplemental Fig. S2A ). NSP1 alone or in combination with NSP2 was unable to confer transcriptional activation of the ENOD11 NF-responsive target constructs ( Fig. 2A ; Supplemental  Fig. S2B ). These two NF-responsive targets were only activated by ERN1 ( Fig. 2A; Supplemental Fig. S2B ), and this is in line with the phenotype of ern1 regarding NFelicited regulation of ENOD11 ( Fig. 2C ; Middleton et al., 2007) .
We further examined to what extent ERN1 is sufficient to mediate the transcription of ENOD11 in M. truncatula roots in the absence of NSP1. For this, we evaluated the capacity of ERN1 to activate ENOD11 in either wild-type or ern1 and nsp1 mutant backgrounds. For these experiments, we made use of wild-type and mutant transgenic 416 lines harboring a stably integrated 2.3-kb pENOD11:GUS fusion (Journet et al., 2001) . When ERN1 was constitutively expressed in transgenic wild-type 416 roots, pENOD11:GUS induction was observed in epidermal tissues in a high proportion of transgenic roots even in the absence of symbiotic signaling (Fig. 1B) . Importantly, this ERN1-mediated pENOD11:GUS activation appears to be specific, since the constitutive expression of a different ERF known as ERF Required for Nodule Differentiation (EFD; Vernié et al., 2008) did not lead to pENOD11:GUS activation in epidermal tissues (Fig.  1B) . In this case, only the nonsymbiotic expression of ENOD11 is detected at the root apex and in vascular tissues. Moreover, quantitative reverse transcription (RT)-PCR analyses of RNA extracted from individual transgenic roots demonstrated that roots expressing the p35S:ERN1 construct displayed increased endogenous transcript levels of ENOD11 and also ENOD12, both NF box-containing genes (Andriankaja et al., 2007; Supplemental Fig. S3) . Strikingly, expression of the p35S:ERN1 construct in transgenic ern1 or nsp1 416 roots still led to a clear activation of the pENOD11:GUS fusion in a significant proportion of composite plants (Fig. 1B) , thus indicating that NSP1 is not essential for ERN1-mediated activation of ENOD11. Nevertheless, the slight reduction in the number of composite plants expressing pENOD11:GUS in ern1 and nsp1 roots might be a consequence of reduced endogenous levels of ERN1 or of NSP1, required for ERN1 transcription. Taken together, these results indicate that constitutive expression of ERN1 can bypass early NF perception and transduction, directly activating the downstream ENOD11 gene independently of NSP1. However, during NF signaling, NSP1/NSP2 factors act upstream of ERN1, which in turn regulates the expression of ENOD11 in M. truncatula RHs (Fig. 2B) .
In addition to early NF signaling, ENOD11 is also expressed during subsequent stages of rhizobial infection. This expression is under the control of a 257-bp region that is located downstream of the NF box ( Fig.  2B ; Boisson-Dernier et al., 2005) . NFs alone are not sufficient to activate this regulatory region that requires the presence of rhizobia. To determine whether NSP1/NSP2 can influence the transcriptional activity of this infection-related ENOD11 regulatory region, we performed transactivation experiments in N. benthamiana using the truncated 2257 pENOD11 fused to the GUS reporter. Expression of NSP1 and NSP2 together led to strong transcriptional activation of this infection-related construct, while significant activation was not observed with ERN1 expression when compared with the control ERN1 deleted for its DNAbinding domain (Fig 2A) . This implies that NSP1/ NSP2 TFs are involved in ENOD11 regulation during rhizobial infection. In turn, ERN1, although essential for NF-elicited ENOD11 expression, is not able to significantly activate the expression of the infection-related 2257 ENOD11 promoter. In line with this result, only NF-elicited expression of ENOD11 is severely impaired in ern1, while the rhizobial infection-related ENOD11 expression is comparable to that in wild-type A17 roots (Fig. 2C) . Taken together, these findings indicate that NSP1/NSP2 and ERN1 regulate the same target ENOD11 gene but via separate promoter regions, which are involved in regulating gene expression during either the NF signaling or the rhizobial infection symbiotic stages.
Nuclear ERN1 and ERN2 TFs Localize to the Root Epidermis of the Nodulation Preinfection Zone
To evaluate the spatial expression pattern of ERN1 during early NF signaling, transgenic M. truncatula roots Figure 1 . NSP1/NSP2 activates the transcription of ERN1 but is not absolutely required for ERN1-mediated transcription of ENOD11 in RHs. A, The activity of the GUS reporter gene driven by a 2.3-kb ERN1 promoter regulatory region was measured in N. benthamiana leaf discs alone (2) or in combination with 33 HA-tagged NSP1 or NSP1/2 TF constructs under the control of the 35S promoter. Fluorimetric GUS activity of the leaf discs was determined 36 h following infiltration. Data are represented as fold induction in relation to control (2) samples. Error bars represent SD of mean GUS activity values derived from 10 to 20 individual samples from three independent experiments. B, Transgenic M. truncatula roots carrying either the p35S:ERN1 or the p35S:EFD construct were generated after A. rhizogenes transformation of the M. truncatula 416 lines (wild type [WT] , ern1, or nsp1) harboring the pENOD11:GUS gene fusion. Histochemical localization of GUS activity corresponding to the activation of the pENOD11:GUS gene fusion is visualized in blue. Constitutive expression of ERN1 leads to strong GUS reporter expression in both wild-type and mutant roots (ern1 and nsp1), while control roots expressing EFD display only basal GUS reporter staining associated with lateral roots (arrow), root cap (arrowhead), or vascular tissues (broken arrow). Note that the nonsymbiotic expression of the pENOD11:GUS fusion is overall lower in the nsp1 line. The level of GUS activity was visually annotated from independent composite plants (n) and is represented as the percentage of roots showing moderate (+), strong (++), or very strong (+++) staining after 4 h of the GUS reaction. Bars = 1 mm.
containing the 2.25-kb pERN1:GUS transcriptional fusion were analyzed. As shown in Figure 3 , A and B, histochemical GUS activity is detected in root epidermal tissues of the nodulation-susceptible zone lying behind the root tip (the preinfection zone), which correspond to the zone of expression of ENOD11. In comparison with untreated roots, an increase in the GUS staining intensity was systematically observed in RHs following 3 to 6 h of NF treatment (Fig. 3, A-D) . pERN1:GUS transcriptional activation correlates with increased levels of endogenous ERN1 transcripts (Supplemental Fig. S1 ). Furthermore, this early NF signaling expression in RHs of the preinfection zone can also be observed following S. meliloti inoculation (Fig. 4A) .
We previously reported that a second closely related ERF TF named ERN2 is also able to bind to the NF box and activate ENOD11 transcription (Andriankaja et al., 2007) . It was suggested that ERN2 function might be partially redundant with ERN1, since the ern1 knockout mutant displays a less severe symbiotic phenotype compared with other early symbiotic mutants (Middleton et al., 2007) . To investigate to what extent ERN2 expression overlaps with that of ERN1, a 2.4-kb pERN2:GUS fusion was analyzed in transgenic M. truncatula roots. As shown in Figure 3 , G to J, pERN2:GUS is expressed in the root epidermis of the preinfection zone as well as in certain OC cells (Fig. 3J ). Although ERN1 and ERN2 display similar spatial expression patterns in the root epidermis, GUS staining was always stronger for pERN1:GUS when compared with pERN2:GUS. In line with this, ERN2 up-regulation by NFs was also observed in pERN2:GUS-expressing roots but at lower levels compared with ERN1 (Fig. 3 , G and H). This was confirmed for ERN2 transcript levels (Supplemental Fig. S1 ).
In order to determine whether ERN transcription profiles indeed reflect the distribution of ERN TFs within the nodulation-susceptible zone, yellow fluorescent protein (YFP)-tagged ERN1 and ERN2 protein fusions, shown to be functional in complementation studies described below, were localized in roots of transgenic M. truncatula plants. Figure 3 , E and K, shows that YFPtagged ERN1 and ERN2 expressed from their own Figure 2 . NSP1/NSP2 and ERN1 both activate ENOD11 transcription but through separate promoter regions regulating expression during rhizobial preinfection (NF signaling) or infection stages. A, pENOD11-derived constructs sufficient for either NF-elicited or rhizobial infection expression in M. truncatula were used in transactivation experiments in N. benthamiana leaves. The gain-of-function NFresponsive 43 NF box construct (tetrameric promoter region fused to p35Smin:GUS) and the infection-related 2257 ENOD11 truncated promoter (INF) schematized in B were coinfiltrated with 33 HAtagged NSP1, NSP1/2, ERN1, or ERN1delDB TF constructs under the control of the 35S promoter. ERN1delDB corresponds to an ERN1 TF version deleted of its DNA-binding domain and is used here as a negative control to monitor nonspecific transcription activities. GUS activity levels were measured and represented as fold induction as in Figure 1 . Error bars represent SD of mean GUS activity values derived from 15 to 30 individual samples from four independent experiments. B, Schematic diagram of pENOD11 regulatory regions involved in NFelicited or rhizobial infection expression in M. truncatula roots that are regulated by NSP1/NSP2 or ERN1 TFs. C, Histochemical GUS staining of pENOD11:GUS fusion expression in roots of either the A17 wild type or the ern1 M. truncatula mutant after NF treatment or S. meliloti inoculation. Bars = 200 mm.
promoters are similarly distributed in the nodulation preinfection zone. As shown for the transcriptional fusions, both protein fusions localized to the root epidermis of this root zone, in particular following NF treatment or rhizobial inoculation (Fig. 3 , E and K). Occasionally, a low-level fluorescent signal could be detected in neighboring OC cells, and this was more frequent in the case of pERN2:YFP-ERN2 (data not shown). It is important to underline that both YFPtagged ERN1 and ERN2 protein fusions localized exclusively in the cell nuclei (Fig. 3F ), and this is in agreement with previous localization studies performed in transiently expressing N. benthamiana cells (Andriankaja et al., 2007) . Taken together, these results show that ERN1 and ERN2 are both localized within the same epidermal RH zone in which we observe preinfection responses to the bacterial symbiont.
Nevertheless, ERN2 expression is overall lower compared with ERN1.
ERN1 and ERN2 Display Both Overlapping and Distinct Expression Profiles during Rhizobial Infection
ERN1 is required not only during the preinfection NF signaling stage but also subsequently during rhizobial infection, since IT formation is mostly blocked in the ern1 deletion mutant (Middleton et al., 2007) . Although these genetic data suggest a role for ERN1 during infection, the relative importance of ERN1 during IT formation and progression through root tissues has not yet been determined. To address this, we compared the expression profiles of ERN1 and ERN2 during S. meliloti infection and nodule development in transgenic GUS reporter expression is observed in the nodulation-competent zone of roots close to the root tip, both in control water-treated roots (A and G) and in NF-treated roots (B and H). Note that GUS reporter expression is higher in NF-treated samples (compare A with B for pERN1:GUS and G with H for pERN2:GUS).
Higher magnification views of NF-treated roots (C and I) or 60-mm-thick transverse sections (D and J) reveal that GUS reporter expression is primarily associated with RHs for both pERN1:GUS and pERN2:GUS and rarely with OC cells for pERN2:GUS (arrow in J). Confocal fluorescence images of the epidermis were taken from the nodulation-competent root zone in roots that were inoculated with S. meliloti (30-41 h post inoculation) and expressing either the YFP-ERN1 (E and F) or YFP-ERN2 (K) protein fusion (in green). The approximate equivalent zone is indicated by brackets in C and I, respectively. Note the nuclear localization of the fusion proteins in epidermal RHs of this root zone, as highlighted in F for YFP-ERN1. Bars =500 mm (A, B, G, and H), 200 mm (C, D, I, and J), 100 mm (E and K), and 10 mm (F). meliloti. Note that histochemical localization of GUS activities corresponding to either the pERN1:GUS or pERN2:GUS fusion is visualized in both the preinfection and infection-responsive zones. B, A detailed view of the expression profile of the respective pERN gene fusions during different stages of rhizobial infection of epidermal (Epi) and OC cells. The expression of pERN1:GUS (a-c), pERN2:GUS (d and e), pERN1:YFP-ERN1 (f-h), and pERN2:YFP-ERN2 (i and j) was analyzed during RH curling (RHC) and subsequent steps of IT penetration of epidermal and OC tissues. Staining for b-galactosidase activity (magenta) localizes the bacteria within the IT. In roots expressing pERN1:GUS, stronger GUS staining was observed at RHC sites (arrow in a) and in RHs during IT progression (arrow in b) but could also be observed in some neighboring noninfected RHs. At M. truncatula roots harboring transcriptional or translational fusions at different time points following S. meliloti inoculation. In rhizobia-inoculated roots, ERN1 and ERN2 expression was not only detected in the preinfection zone, where early NF signaling takes place, but also in the root infection zone, where different stages of rhizobial infection can be observed (Fig. 4A) . The preinfection expression in RHs is strongest during the first 1 to 2 d post inoculation (dpi) and then declines by 4 dpi, when infection-related expression of both genes can be clearly observed in the root infection zone. In order to get a more detailed picture of the expression profiles of ERN1 and ERN2 during specific stages of rhizobial infection and nodule organogenesis, a detailed analysis of pERN:GUS and pERN:YFP-ERN gene fusion expression was carried out in S. melilotiinoculated roots either by histochemical GUS staining of fixed root tissues or by in vivo imaging of the fluorescent fusion proteins in root cells (Fig. 4 , B and C). In the case of ERN1, intense pERN1-driven GUS staining was often observed in curled RHs enclosing entrapped bacteria compared with neighboring RH or epidermal cells (Fig. 4Ba ). In line with this, a higher YFP-ERN1 fluorescent signal was observed within the nuclei of curled RHs compared with neighboring cells (Fig. 4Bf) . However, the fact that strong nuclear fluorescence was not systematically observed in all curled RHs suggests that ERN1 up-regulation during RH curling is probably transient. At later stages, pERN1:GUS is up-regulated during IT progression through the RH and subsequently in OC cells both before and during IT development (Fig. 4 , Bb, Bc, Ca, and Cb). Likewise, strongly fluorescent nuclei expressing the YFP-tagged ERN1 can be observed in front of growing ITs both in epidermal and OC cells as infection progresses (Fig. 4B , g and h). As illustrated in Figure 5 , live-tissue imaging of individual infection sites revealed that YFP-ERN1 upregulation in RH and OC cell nuclei is transient and sequential during IT progression. YFP-ERN1 accumulates strongly in RHs undergoing infection and then starts to accumulate in the nuclei of OC cells situated just beneath the infected RH. These fluorescently labeled OC cells probably correspond to activated preinfection threads (van Brussel et al., 1992) , cells through which the inwardly growing IT propagates. This indicates that YFP-ERN1 accumulation in these activated OC cells is related to a particular preinfection status but is independent of whether or not these cells will be ultimately infected. In both RHs and OC cells, YFP-ERN1 fluorescence is no longer detected as soon as the infection of the cell is completed, suggesting a tight control of ERN1 protein levels. During later stages related to IT development in inner cortical tissues, the pERN1:GUS gene fusion is expressed in inner cortical cells both before and during rhizobial infection (Fig.  4C, a and b; Supplemental Fig. S4 , A and C). ERN1 expression in inner cortical cells is in general observed in well-developed "bump"-like nodule primordia and is associated with an infection site in the outer cortex. This suggests that ERN1 expression in the inner cortex is not related to cell division but to a particular "preinfection stage" of nodule primordium development.
In the case of ERN2, both GUS activity and nuclear fluorescence were detected during RH curling and in RHs during IT progression. However, general expression levels were lower and up-regulation was less clearly visualized in relation to neighboring RHs (Fig.  4B, d and i) . On the other hand, ERN2 had a more restricted expression during IT penetration of OC cells, where strong GUS staining was detected in ITcontaining cells as well as in cells in the immediate vicinity (Fig. 4 , Be, Cc, and Cd). As expected, increased GUS staining correlated with increased nuclear fluorescence in infected OC cells (Fig. 4Bj) . While ERN1 expression in inner cortical cells was observed both before and during rhizobial infection, ERN2 expression in the root cortex was always associated with the presence of ITs and was never detected in nodule primordia prior to infection ( In fully developed nodules, pERN1:GUS and pERN2:GUS expression were mainly confined to the nodule infection zone II, although GUS staining was detected to a lesser extent in certain cells of zone III containing ITs (Supplemental Fig. S4 , D-J). Despite the fact that both TF genes are expressed in the nodule certain sites, strong GUS staining was associated with OC cells below and surrounding an infected RH, as indicated in c. In roots expressing the pERN2:GUS fusion, GUS staining was also found in RHs during IT progression (arrow in d) but at a lower frequency than for pERN1:GUS-expressing roots. Subsequently, GUS staining was also associated with infected OC cells in pERN2:GUS-expressing roots (e). Confocal images of S. melilotiinoculated roots expressing YFP-ERN1 (f-h) or YFP-ERN2 (i and j) were obtained from 1 to 3 dpi. In these images, the YFP fluorescence is visualized in green, the CFP fluorescence of the rhizobia in magenta, and the cell wall autofluorescence in red. In roots expressing the YFP-ERN1 fusion, a strong nuclear fluorescence signal was observed at RHC sites (f), in RHs during IT progression (g), and sequentially in OC cell nuclei (h). At this stage, RH nuclear fluorescence decays when compared with OC nuclei (h). In roots expressing the YFP-ERN2 fusion, increased nuclear fluorescence was also detected during IT progression through RHs (i) and OC cells (j), even if relative increases are less obvious than for YFP-ERN1. C, Expression profiles of pERN1:GUS and pERN2:GUS fusions analyzed in NP cells before (a and c) and after (b and d) growing ITs reached inner NP cortical cell layers. Blue staining was observed in NP cells associated with infection sites in pERN1:GUS-expressing roots, both before (60-mm root section in a) and after ITs reached these dividing inner cortical cell layers (entire root in b). In the case of pERN2:GUS, GUS staining was restricted to infected cells or cells in the close neighborhood of IT-containing cells (60-mm root sections in c and d). Bh and Bj are three-dimensional image reconstructions. Open arrow, RHC; black and white arrows, bacteria within an IT; white arrowhead, nucleus of an infected RH; open arrowhead, nucleus in the vicinity of an infected RH; double arrowhead, OC cells (bright-field images) or OC cell nuclei (fluorescence images). Bars = 20 mm (Ba-Bg and Bi) and 100 mm (Ca-Cd). . C, Seven hours later (the same site at 48 hpi), the IT has elongated and is reaching the base of the RH stalk; the YFP-ERN1 fluorescence level has significantly increased in the two OC cells, which will ultimately become infected (data not shown). D to G, YFP-ERN1 accumulates strongly in OC cells undergoing infection. Images of the infection site were acquired 74, 82, and 96 hpi. D, Global view of an infected RH and subjacent OC cells at 74 hpi. The IT has grown to the base of the curled RH and is just reaching the cortex. OC cells have not started infection yet. At this stage, the YFP-ERN1 protein is barely detectable in the RH nucleus and has accumulated at high levels in the nuclei of two OC cells positioned just below the infected RH cell. These labeled OC cells are preparing for possible infection. The zone delimited with a dotted line in D is shown in E to G. F, Eight hours later (same site at 82 hpi), one of the OC cells is undergoing infection, and its nucleus contains significantly more fluorescence than the neighboring noninfected OC cell. At this stage, the fusion protein is no longer detectable in the RH nucleus. G, At 96 hpi, when the IT has progressed toward inner cell layers, the YFP-ERN1 level is similar to that detected in the neighboring noninfected OC cell. CFP, YFP, and autofluorescence signals are colored in magenta, green, and red, respectively, in all images. The group of green, red, and blue arrows in each image indicates the original x, y, and z directions during acquisition of the image stack. Arrow, Bacteria within the IT; arrowhead, infected RH nucleus; double arrowhead, nuclei visualized in the first layer of the outer cortex. Note that comparison of fluorescence levels is relevant only within individual images. Also note that the time points indicated in A to C and in D to G cannot be directly compared because the two sites were taken from independent experiments. zone II, ERN1 appears to have a broader expression profile in both the distal preinfection region and the proximal IT-containing region, while ERN2 seems to be preferentially expressed in the proximal IT-containing region of zone II (Supplemental Fig. S4, F-J) .
Taken together, these data indicate that ERN1 and ERN2 expression are closely associated with S. meliloti infection throughout root colonization but with a certain degree of specificity for each factor. While ERN1 up-regulation occurs sequentially, both prior to and then during rhizobial infection of epidermal and OC cells, ERN2 up-regulation appears to be more restricted to infected cells within root cortical and nodule tissues.
ERN2 Can Functionally
We have shown that there is a tight regulation of ERN1 expression and TF dynamics during the preinfection, infection, and nodule organogenesis symbiotic stages. This spatiotemporal expression profile is in line with the phenotype of the ern1 knockout mutant that is affected in all these symbiotic stages (Middleton et al., 2007) . This implies that the endogenous ERN2 TF is unable to fully complement the absence of ERN1 in the ern1 mutant, despite the fact that both genes have overlapping expression profiles during rhizobial preinfection (NF signaling) and infection stages. In particular, NF-elicited expression of ENOD11 is severely impaired in RHs of the ern1 mutant (Supplemental Fig.  S1 ). Thus, either ERN2 is unable to functionally replace ERN1 in M. truncatula roots or ERN2 expression in epidermal cells is not adequate for efficient ENOD11 transcription. To investigate this, the expression levels of ERN1, ERN2, and ENOD11 were examined in roots following 1 to 12 h of NF treatment (Fig. 6 ). ENOD11 activation was first detected 2 h after NF treatment, with major up-regulation occurring after 4 to 6 h. By comparison, increases in ERN1 transcript levels were initially observed after only 1 h, with maximum upregulation 2 to 6 h following NF treatment. The ERN1 consistent with that expected of a TF activating the target ENOD11 gene. In the case of ERN2, although NF-treated samples generally display slightly higher transcript levels compared with untreated controls, up-regulation is less obvious compared with ERN1. Furthermore, ERN1 transcript levels are significantly higher than those of ERN2. This suggests that the pERN1 and pERN2 promoters, despite sharing a number of conserved putative regulatory motifs, do not possess identical transcriptional activities in root epidermal tissues responding to NF signals prior to infection.
To address the question of whether ERN2 can functionally replace ERN1 when expressed under the control of the ERN1 promoter, cross-complementation studies were performed by transforming an ern1 mutant line carrying a stably integrated pENOD11:GUS fusion. In this mutant line, neither the endogenous ENOD11 nor the pENOD11:GUS fusion is expressed in NF-treated roots ( Fig. 7; Supplemental Fig. S1 ). As an important control, we first examined whether ERN1 restores pENOD11:GUS expression in this experimental system. When the pERN1:YFP-ERN1 fusion used earlier for localization studies was introduced into transgenic ern1 roots, we observed the restoration of pENOD11:GUS expression in a high proportion (approximately 70%) Figure 6 . NFs elicit a rapid up-regulation of ERN1 in root tissues. Time-course experiments of NF-elicited expression of ENOD11, ERN1, and ERN2 were carried out using aeroponically grown roots of M. truncatula A17. Quantitative RT-PCR was performed for transcripts of the three genes in total RNA samples extracted from M. truncatula roots following incubation for different times (1-12 h) in Fahraeus liquid medium supplemented (black bars) or not (control; gray bars) with 10 28 M NFs. Each bar represents the average from three biological replicates and at least two technical replicates after normalization against Ubiquitin (see "Materials and Methods"). Error bars represent SD.
of independent composite plants (Supplemental Fig.  S5 ). This complementation is very clear when compared with control p35S:YFP transformed roots (C1; Fig. 7) . These results also demonstrate that the YFP-ERN1 fusion used in this study is indeed functional. When the pERN1:YFP-ERN2 fusion was introduced into transgenic ern1 roots, we observed restoration of pENOD11:GUS expression at comparable levels to roots expressing the equivalent YFP-ERN1 fusion ( Fig. 7; Supplemental Fig. S5 ). Thus, when expressed under the control of the ERN1 promoter, ERN2 can functionally replace ERN1 in relation to NF-elicited gene expression. We have shown earlier that ERN1 expression is also associated with early stages of nodule development, and indeed, the ern1 knockout mutant is defective in nodulation (Middleton et al., 2007) . To address the question of whether ERN2 can also functionally replace ERN1 with regard to nodule formation, we analyzed transgenic ern1 roots expressing the pERN1:YFP-ERN2 construct 1 month post inoculation with S. meliloti. As expected, fully developed and infected nodules were never observed on ern1 roots transformed with the control p35S:YFP construct ( Fig. 8; Supplemental Fig.  S6 ). Nevertheless, because nodule organogenesis can be initiated in the ern1 background, characteristic noninfected bumps were formed on these control roots 1 month post inoculation. Furthermore, because rhizobial infection is prematurely arrested in the outer root tissues, there is often an overrepresentation of these aborted infection sites at the apex of the bumps (Supplemental Fig. S6B ). Our results show that both the YFP-ERN1 and YFP-ERN2 fusion proteins can complement the nodulation defect of the ern1 mutant when expressed under the control of the ERN1 promoter (Fig. 8, A and B) . Although the percentage of nodulated plants is slightly lower with pERN1:YFP-ERN2, ERN2-complemented nodules are infected and structurally similar to ERN1-complemented nodules (Fig.  8, A and B; Supplemental Fig. S6B ). Furthermore, a similar number of nodules are formed on the roots of both ERN1-and ERN2-complemented plants (Supplemental Fig. S6A ), and quantitative RT-PCR analysis shows increased levels of ERN1 and ERN2 transcripts, respectively, in roots carrying visible nodules (Fig. 8C) .
Overall, these findings indicate that ERN1 and ERN2 possess equivalent biological activities and are able to regulate the same target genes when expressed at similar levels in identical tissues. This confirms that the expression levels and/or tissue specificity of endogenous Figure 7 . ERN2 can restore NF-elicited ENOD11 expression in the ern1 mutant background. Cross-complementation of ENOD11 expression is shown in the ern1 knockout mutant by expression of a YFP-ERN2 protein fusion driven by the ERN1 promoter. The ern1 mutant line carrying a stably integrated pENOD11:GUS gene fusion was transformed via A. rhizogenes with pERN1:YFP-ERN1 (positive control), pERN1:YFP-ERN2, and p35S:YFP (negative control = C1) constructs. Wild-type (WT) A17 roots with (C2) or without (C3) the pENOD11:GUS gene fusion were also used in control transformation experiments with the p35S:YFP construct. The abilities of the YFP-ERN1 and YFP-ERN2 fusions to complement ENOD11 expression in the ern1 mutant were evaluated by the extent of NF-elicited activation of the pENOD11:GUS reporter. This was assessed by both quantitative RT-PCR for GUS transcripts and semiquantitative histochemical GUS analyses (Supplemental Fig. S5 ). C1 represents the pENOD11:GUS gene fusion levels in noncomplemented ern1 mutant roots, while C2 represents the induced levels in wild-type A17 roots carrying the same gene fusion. Quantitative RT-PCR for ERN1 and ERN2 transcripts validates the expression of the respective genes in complemented plants in relation to the noncomplemented C1 control. RT-PCR was performed with total RNA samples extracted from individual roots that were treated with 10 29 M NFs for 6 h. Values represent averages of two to three technical replicates of individual samples (1-9) or pools of three to five samples (C1-C3) after normalization against Ubiquitin transcript levels (see "Materials and Methods"). Error bars represent SD.
ERN2 are not sufficient and/or appropriate to functionally replace ERN1 when the ERN1 gene is inactivated, leading to the conclusion that the functional specialization of these symbiotic TFs has occurred primarily via the evolution of promoter specificity rather than by the divergence of protein functions.
DISCUSSION
Rhizobial NF signal perception in the model legume M. truncatula leads to the activation of a signaling pathway in RHs that involves calcium spiking and the interplay of both GRAS (NSP1 and NSP2) and ERF (ERN1) TFs, all essential for full ENOD11 gene transcription (Catoira et al., 2000; Oldroyd and Long, 2003; Middleton et al., 2007) . The NSP1 GRAS TF has previously been shown to bind directly to promoter sequences of potential targets, but no evidence has been presented until now showing that it can act as a transcriptional regulator (Hirsch et al., 2009 ). Here, we show that NSP1, combined with NSP2, can act together to activate the transcription of target genes. First, we show that NSP1/NSP2 can activate the transcription of ERN1, which is in line with the findings of Hirsch et al. (2009) showing that NSP1 can associate directly with the ERN1 promoter and that ERN1 expression is abolished in an nsp1 mutant. Furthermore, by using a combination of transcription activation experiments in both transiently TF-expressing cells and in TF-expressing roots, we have shown that ENOD11 is activated by both NSP1/NSP2 and ERN1, but this regulation occurs through separate promoter regulatory regions driving gene expression at different symbiotic stages (Fig. 2B) . During NF signaling, ERN1 is necessary and sufficient for NF-elicited expression of ENOD11 in RHs through binding and transcriptional activation of the NF box (Andriankaja et al., 2007; Middleton et al., 2007; this work) . Our results indicate that NSP1/NSP2 act upstream of ERN1 but do not play a direct role in ENOD11 regulation during NF signaling, because NSP1/NSP2 are together unable to activate the NF-responsive ENOD11 regulatory sequences. This conclusion is also supported by the fact that NSP1 is not essential for ERN1-mediated activation of ENOD11 in M. truncatula. On the other hand, NSP1/NSP2 appears to play a major role during later rhizobial infection by activating ENOD11 transcription via the 2257 ENOD11 promoter region.
We have observed that the transcriptional activity of ERN1 or NSP1/NSP2 with respect to ENOD11 is associated with a given symbiotic stage, even though these Figure 8 . ERN2 can functionally replace ERN1 in relation to nodule formation. Cross-complementation of nodulation in the ern1 knockout mutant is shown resulting from expression of the YFP-ERN2 fusion driven by the ERN1 promoter. The ern1 mutant was transformed via A. rhizogenes with p35S:YFP (negative control), pERN1:YFP-ERN1 (positive control), and pERN1:YFP-ERN2 constructs. Transgenic ern1 roots carrying the respective constructs were analyzed 1 month post inoculation with S. meliloti. A, The percentage of ern1 transgenic roots showing developed and infected nodules was scored in root systems of independent composite plants (n) from three to five independent experiments. B, Fully infected nodules (arrows) can only be observed in roots carrying the pERN1:YFP-ERN1 and pERN1:YFP-ERN2 constructs. Nodulation never goes beyond arrested bumps in p35S:YFP-transformed control roots (arrowhead). Infected nodules were visualized by histochemical staining for the constitutive bacterial b-galactosidase activity using Magenta-Gal (see "Materials and Methods"). C, Quantitative RT-PCR for ERN1 and ERN2 transcripts in total RNA samples extracted from individual roots of randomly selected composite plants (4 weeks post inoculation) transformed with the respective constructs and with or without (asterisks) visible nodules. Each bar represents the average from three technical replicates after normalization against Ubiquitin. Error bars represent SD.
TFs are presumably present during both NF signaling and rhizobial infection stages. This suggests that their ability to bind and/or regulate transcription in M. truncatula is probably influenced by the presence of other protein factors. In this scenario, NSP1/NSP2 activates ERN1 during early NF signaling but is unable to drive transcription through the infection-related 2257 promoter region of ENOD11, possibly due to the presence of a repressor system. The subsequent activation of the rhizobial "infection-dependent" signaling pathway could then trigger the release of this repression, thus allowing NSP1/NSP2 to activate ENOD11 transcription. It is unlikely that such a repression system is present in N. benthamiana transiently expressing cells, where NSP1/NSP2 strongly activates the transcription of ENOD11 via the 2257 promoter region. In conclusion, NSP1/NSP2 may act, as reported for other GRAS TFs, as an integrator of different signaling pathways and, depending upon its interaction partners, may either activate or inhibit target gene transcription (Sun et al., 2012) .
In the case of NSP1/NSP2, efficient transcriptional activation of symbiotic target gene fusions is only observed when NSP1 is combined with NSP2, suggesting that the formation of the NSP1/NSP2 heterodimer is essential. Indeed, Hirsch et al. (2009) have previously demonstrated that the presence of both NSP1 and NSP2 factors was necessary for in vivo association with target promoter sequences. Chromatin immunoprecipitation provided evidence for the association in vivo of other GRAS proteins with promoters of their putative target genes, such as DELLA (Zentella et al., 2007) and SHORTROOT (SHR; Cui et al., 2007) . Although a role in the transcriptional regulation of their putative targets has been reported for other GRAS factors, in most cases they seem to act as coactivators (Morohashi et al., 2003; Ogasawara et al., 2011) . As for NSP1 and NSP2, SHR and SCARECROW (SCR) GRAS TFs are unable to significantly activate transcription without associating with other TFs. However, in these two cases, SHR or SCR do not mediate direct DNA binding but rather act as transcription coactivators, a situation that may be different in the case of NSP1 due to its ability to directly bind to target promoters (Hirsch et al., 2009) .
To date, only NSP1 has been shown to interact directly with DNA through the NRE motif (AATTT; Hirsch et al., 2009) . The promoters of ERN1 and ENOD11 contain several AATTT motifs distributed throughout the promoter regions used here. We have shown that NSP1/ NSP2 strongly activate transcription only through the 2257 ENOD11 promoter region and not through the NRE motif present within the NFE region. This implies that NSP1/NSP2 can efficiently activate transcription only through NRE sites located at specific promoter positions. Therefore, it is probable that flanking nucleotides outside of the recognized AATTT core are important for NSP1 binding affinity, as shown for other TFs (Tournier et al., 2003; Song et al., 2008) . The 2257 infection-responsive region comprises two NRE sites in both forward and reverse orientations in addition to other AT-rich motifs. This motif was previously defined following a random oligonucleotide-binding selection, but it is not currently known whether variants of AATTT can still be recognized by NSP1. Finally, it should be noted that an NRE-like AATAT motif overlaps a site that we previously showed by mutagenesis to be required for the expression of the 2257 pENOD11 construct both during rhizobial and AM symbioses (Boisson-Dernier et al., 2005) . It will be interesting in the future to determine whether NSP1 has any binding specificity toward this NRE-like motif.
Subsequently, we also addressed the functional relationship between ERN1 and the closely related ERN2 TF, potentially acting redundantly with ERN1. We have shown that ERN1 and ERN2 ERF TFs mediate direct transcriptional activation of ENOD11 targets in both transient assays and M. truncatula roots (Andriankaja et al., 2007; this work) . By making use of native ERN1 and ERN2 promoters driving either the GUS reporter or YFP-tagged ERN fusion proteins, we have established that these TFs display spatiotemporal expression profiles that can be tightly correlated with protein localization. During NF signaling, both ERN1 and ERN2 are expressed throughout the nodulation-susceptible zone of the root epidermis, precisely the zone of ENOD11 expression. However, only ERN1 exhibits an expression profile fully compatible with that of ENOD11 in terms of timing and level of expression following NF treatment, indicating that ERN1 is the major transcriptional regulator of ENOD11 during NF signaling. This is supported by the fact that NF-elicited expression of ENOD11 is severely impaired in RHs of the ern1 mutant. Even if ERN1 is essential for the initiation of ENOD11 transcription, it is not possible to exclude that ERN2 is required for optimal levels of activation during NF signaling. Future analysis of ern2 mutants will help to elucidate the relative importance of ERN2 in relation to NF-elicited activation of ENOD11.
YFP-ERN1 and YFP-ERN2 protein fusions expressed under the control of their own promoters localized exclusively to cell nuclei, in line with previous localization studies in transiently expressing N. benthamiana cells (Andriankaja et al., 2007) . In vivo dynamics studies have shown that the spatiotemporal accumulation of these two TFs is primarily controlled by the transcriptional activities of their respective promoters. Although the expression of both ERN1 and ERN2 are closely associated with rhizobial infection, each factor exhibits a certain degree of specificity during different symbiotic stages. Up-regulation of ERN1 is observed both before and during rhizobial IT initiation and progression. The facts that ERN1 up-regulation is first observed during RH curling and that the ern1 knockout mutant is impaired in rhizobial IT initiation in RHs (Middleton et al., 2007) together suggest a major role for this TF during infection initiation. During subsequent rhizobial infection, ERN1 up-regulation precedes and accompanies IT progression through epidermal, OC, and inner cortical cell layers. In nodule tissues, ERN1 also participates in both preinfection and infection events, which is in line with the phenotype of the ern1 knockout mutant affected at different stages of rhizobial infection (Middleton et al., 2007) .
Even if ERN2 is also expressed throughout S. meliloti infection, up-regulation during hair curling and infection is less clear as compared with ERN1. However, ERN2 has a more localized expression during IT penetration of cortical cells, and this expression does not appear to precede infection, as is the case for ERN1. This infection-related expression profile is again found in nodule tissues, where ERN2 is mainly associated with IT-containing cells of both nodule zones II and III. This suggests that ERN1 and ERN2 possess both specific and overlapping expression profiles during rhizobial infection. A number of other closely related TFs also display specific and overlapping expression patterns during different developmental processes (AP2 TFs [Chandler et al., 2007; Rae et al., 2011] and NAC TFs [Mitsuda and Ohme-Takagi, 2008] ). Such finetuned regulation is generally associated with both redundant and specific functions of the respective TFs.
Our results show that only ERN1 is clearly expressed in nodule primordial (NP) cells both before and during rhizobial infection. However, this nodule primordia-associated expression does not seem to be merely associated with early cortical cell division (organogenesis program) but with a specific subset of cells in the proximity of an infection site within OC cell layers. Thus, ERN1 expression in the inner cortex is associated with a particular preinfection stage of nodule primordia development. This is consistent with the fact that initial inner cortical cell division occurs in the ern1 knockout mutant and generates uninfected bumps that do not develop further 1 month post inoculation (Middleton et al., 2007; this study) . Previous experiments making use of an autoactive CCaMK (DMI3 ) demonstrated that ERN1 is necessary for the generation of spontaneous nodules (Middleton et al., 2007) . Thus, ERN1 preinfection expression in NP cells could be related to a specific developmental status that precedes infection and would be required for subsequent nodule differentiation. The formation of these spontaneous rhizobia-free nodules also requires the cytokinin receptor LjLHK1, positioned downstream of the CCaMK (Tirichine et al., 2007) . Recently, it was reported that the M. truncatula ERN1 gene can be induced by cytokinin and that this is dependent on MtCRE1 (the ortholog of LjLHK1; Plet et al., 2011) . It will now be interesting to determine whether the expression of ERN1 in NP cells is abolished in a cre1 mutant background.
By cross-complementation studies, we have been able to show that ERN1 and ERN2 possess similar biological activities and are able to regulate the same target genes when expressed at comparable levels in identical root/ nodule tissues. Because ERN2 can functionally replace ERN1, the endogenous levels of ERN2 in relation to ERN1 are probably sufficient to compensate to a certain extent for the absence of ERN1, thus explaining the partial infection phenotype observed in the ern1 knockout mutant (Middleton et al., 2007) . The creation of an ern1ern2 double mutant, expected to possess a more severe phenotype, should provide additional insights concerning the functional redundancy of these two symbiotic TFs. The studies reported here also provided evidence that the tissue-specific or expression levels of endogenous ERN2 are either not appropriate or not sufficient to functionally replace ERN1 when the ERN1 gene is inactivated. This suggests that functional diversification of these ERF factors relies primarily on changes in their specific expression patterns. Similar cross-complementation analyses of DELLA and WOX TFs also showed that closely related factors are functionally exchangeable when expressed under the control of their reciprocal promoters (Shimizu et al., 2009; Gallego-Bartolomé et al., 2011) . In both cases, it is emphasized that functional specialization of these TFs has occurred primarily by the evolution of promoter specificities, as seems also to be the case for ERN1 and ERN2. A striking observation is that, in addition to differences in their expression patterns, ERN2 expression is always lower when compared with ERN1, and this may also have an evolutionary significance. After analyzing a large number of human TFs, Singh and Hannenhalli (2008) discovered that paralogs with similar DNA-binding domains tend to diverge in relation to their tissue-specific expression levels (only a single TF being highly expressed).
Recent studies have highlighted the fact that ERN TFs may also play important roles during the AM symbiosis (Hogekamp et al., 2011; Young et al., 2011) . Transcriptomic analyses of AM roots revealed that ERN2 is particularly up-regulated in AM roots (Hogekamp et al., 2011) . It was shown using laser microdissected tissues that ERN2 expression is associated both with arbuscule-containing cells and cells harboring colonizing hyphae. On the basis of global expression analyses, Young et al. (2011) suggested that ERN2 may have a more specialized function during the plant-fungus symbiosis. Therefore, it will be of interest to study cell-specific ERN2 expression during early stages of AM fungal colonization. Nevertheless, even if ERN1 seems to have the major role during nodulation, future analyses of M. truncatula mutants defective in ERN2 or in both ERN1 and ERN2 should help to elucidate the relative importance of these two ERN TFs during endosymbiotic root infection.
MATERIALS AND METHODS
Plant Material and Bacterial Strains
Several Medicago truncatula 'Jemalong A17' lines were used in this study: the wild type and the derived transgenic L416 line containing the 2.3-kb pMtENOD11:GUS fusion (Journet et al., 2001) as well as the symbiotic mutants nfp (C31 allele; Ben Amor et al., 2003) , dmi3 (TRV25 allele; Catoira et al., 2000) , nsp1-1 and nsp1-2 (B85 and C54 alleles, respectively; Catoira et al., 2000) , ern1 (bit1-1; Middleton et al., 2007) , and sunn-2 (Schnabel et al., 2005) , with or without the pMtENOD11-GUS fusion. M. truncatula '2HA' was used to produce the stable transgenic pERN:GUS (Chabaud et al., 2003) . Plant seeds were scarified or surface sterilized prior to germination on inverted agar plates and used for Agrobacterium tumefaciens or Agrobacterium rhizogenes transformation as described (http://www.noble.org/medicagohandbook). Plasmid DNAs were introduced into Escherichia coli DH5a and A. rhizogenes ARquA1 (Quandt et al., 1993) bacterial strains. Sinorhizobium meliloti 2011 strains constitutively expressing a hemA-lacZ fusion (Sm 2011-lacZ; Ardourel et al., 1994) or a cyan fluorescent protein (CFP; Sm 2011-cCFP; provided by P. Smit) were propagated on selective tryptone yeast medium supplemented with 6 mM CaCl 2 and 10 mg mL 21 tetracycline.
DNA Constructs
p35S:ERN1, p35S:NSP1, and p35S:NSP2 fusion constructs used in Nicotiana benthamiana transient assays were obtained after Gateway LR clonase recombination of respective TF sequences from pDONR207 Gateway donor vectors (Invitrogen) into the PAM-PAT p35S:3xHA-GTW destination vector as described by Andriankaja et al. (2007) . The 43 NF box, 43 NFE, and ENOD11 target promoter:GUS constructs that were used in transient assays were obtained as described by Andriankaja et al. (2007) . For transcription activation studies in the M. truncatula 416 line, the ERN1 or EFD coding sequences were amplified by PCR using the ERN1-ATG(BamHI)-Fw and ERN1-STOP(SacI)-Rev or EFD-ATG(BamHI)-Fw1 and EFD-STOP(SacI)-Rev1 primers (Supplemental Table S1 ). After cloning in the pGEM-T vector (Promega) and sequencing, DNA fragments comprising ERN1 and EFD coding sequences were inserted downstream of p35S between the BamHI and SacI sites of the binary pBI121 vector (Promega). AC17058.4 and AC156827.6 bacterial artificial chromosome M. truncatula genomic clones were used as templates for PCR amplification of ERN promoter DNA fragments with primers pERN1-2410-Fw and pERN1-ATG(NcoI)-Rev or pERN2-2414(EcoRI)-Fw and pERN2-ATG(NcoI)-Rev (Supplemental Table  S1 ). After cloning in the pGEM-T vector and full sequencing using universal (SP6 and T7) and internal primers, ERN1 and ERN2 promoter fragments of 2.25 and 2.4 kb, respectively, were subcloned between the EcoRI and NcoI sites of the pBS: GUS vector (Andriankaja et al., 2007 ) to create precise transcriptional pERN:GUS fusions that were subsequently inserted between EcoRI and SstI sites of the pLP100 binary vector (Szabados et al., 1995) . To generate pERN:YFP-ERN gene fusions, YFP-ERN1 and YFP-ERN2 sequences were PCR amplified using the PAM-PATp35S:YFP-ERN1 and PAM-PATp35S:YFP-ERN2 plasmids as templates (Andriankaja et al., 2007) by using the YFP-ATG(NcoI) and ERN-STOP(SstI) primer pairs (Supplemental Table S1 ), which introduce NcoI and SstI sites overlapping the ATG and the stop codons of the YFP and ERN sequences, respectively. After pGEM-T subcloning and sequencing, the approximately 1.6-kb YFP-ERN DNA fragments were inserted into the NcoI/SstI sites of the pBS vector downstream of the ERN promoters, replacing the GUS reporter gene. pERN:YFP-ERN gene fusions were inserted into EcoRI and SstI sites of the pLP100 binary vector.
Transient Expression in N. benthamiana Leaves PAM-PAT 35S binary vectors containing 33 hemagglutinin (HA)-tagged effectors (ERN1, NSP1, and NSP2) and pLP100-binary vectors containing pERN1 (this work) or ENOD11 promoter target:GUS fusions (43 NFE, 43 NF box; Andriankaja et al., 2007) were introduced into A. tumefaciens strains GV3103 and GV3103. Bacterial strains were grown in Luria-Bertani medium under antibiotic selection at 28°C before harvesting and resuspended as described previously (Andriankaja et al., 2007) . After 2 h of incubation at room temperature, equal volumes of A. tumefaciens cultures (at a final optical density at 600 nm [OD 600 ] of 0.25 per construct) were coinfiltrated into leaves of 3-week-old N. benthamiana using a 1-mL needleless syringe. Infiltrated plants were kept at 21°C in a growth chamber (16-h photoperiod and a light intensity of 70 mE m 22 s
21
) for 36 h before sample harvesting. Leaf discs were collected for direct histochemical GUS assays or frozen in liquid nitrogen before protein extraction for enzymatic GUS fluorimetric assays as described below, or for protein gel-blot analysis as described by de Carvalho-Niebel et al. (2002) , by using anti-HA-peroxidase high-affinity (3F10) rat monoclonal antibody (Roche).
M. truncatula Plant Growth Conditions and Treatments
For transcription activation experiments in M. truncatula, L416, L416 nsp1, or L416 ern1 composite plants harboring either the p35S:ERN1 or p35S:EFD construct were selected in Fahraeus medium supplemented with 30 mg mL 21 kanamycin and transferred after 3 weeks to pouch paper/agar plates (nitrogen and antibiotic free) as described by Boisson-Dernier et al. (2005) . After 5 to 7 d, root systems of individual composite plants were directly analyzed by histochemical GUS staining or ground in liquid nitrogen for quantitative fluorimetric GUS assays (Andriankaja et al., 2007) 
GUS and b-Galactosidase Assays
Histochemical (blue) staining for GUS activity was performed using the substrate 5-bromo-4-chloro-3-indolyl-b-D-glucuronide (cyclohexylammonium salt; Biosynth). GUS reactions were performed at 37°C for 1 to 5 h in the dark in a solution containing 1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronide, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide, 5 mM Na 2 EDTA, and 0.1 M phosphate buffer, pH 7.0. N. benthamiana leaf discs were first placed under vacuum for 20 min in the GUS reaction buffer supplemented with 0.1% Triton before the 37°C incubation. Transgenic M. truncatula roots were directly incubated in the GUS reaction or, when sections were required, they were first prefixed in 0.3% to 0.5% paraformaldehyde/0.1 M potassium phosphate buffer, pH 7.0, for 1 h before the GUS reaction. Nodules were prefixed and always sectioned before GUS reaction. GUS staining intensities on transgenic roots were analyzed by a visual quantification method as described (Andriankaja et al., 2007) . For enzymatic GUS assays, leaf or root tissues were ground in liquid nitrogen and homogenized in the GUS extraction buffer as described by Andriankaja et al. (2007) . The Magenta-Gal substrate (5-bromo-6-chloro-3-indolyl-b-D-galactopyranoside; Biosynth B7200) was used for histochemical (purple) staining of the constitutive b-galactosidase activity within S. meliloti-containing ITs. GUS-stained roots or 50-to 100-mm nodule sections were rinsed in Z9 buffer (10 mM KCl, 1 mM MgCl 2 , and 0.1 M phosphate buffer, pH 7.0) and then postfixed for 1 h in a 1.25% glutaraldehyde/Z9 buffer solution. After rinsing, root samples were incubated overnight in the dark at 28°C, in Z9 buffer, containing 2 mM Magenta-Gal, 5 mM potassium ferrocyanide, and 5 mM potassium ferricyanide. GUS-or double GUS/b-galactosidasestained root samples were occasionally cleared with 12% sodium hypochlorite solution before microscopy observations.
Microscopic Methods
Root or nodule tissues were sliced into 50-to 100-mm-thick sections using a vibrating-blade microtome (Leica VT1000 S). Sectioning was performed on stained roots, whereas nodules were always sectioned before staining. Nodule sections (50-100 mm thick) were stained for GUS and/or b-galactosidase activities for 30 to 40 min before microscopic observations. For localization of GUS activity at the cellular level, 100-mm stained nodule sections were postfixed in 2.5% glutaraldehyde/0.1 M potassium phosphate buffer, pH 7.0, dehydrated in an alcohol series, and embedded in Technovit 7100 resin (Heraeus Kulzer) before resectioning into 5-to 8-mm-thick slices with a Reichert-Jung 2040 microtome. Root or nodule tissues were observed with a stereomicroscope (Leica Microsystems), a light microscope (Axioplan 2 Imaging; Carl Zeiss), and/or a CCD camera (AxioCam MRc; Carl Zeiss). For in vivo microscopy studies, fluorescent protein-expressing roots were covered with a gas-permeable and transparent plastic film (Lumox film) before inoculation with CFP-expressing rhizobial bacteria. Inoculated roots and root infection sites were imaged using a Leica TCS SP2 AOBS confocal laser-scanning microscope equipped with a long-distance 403 water-immersion objective (HCX Apo L 0.80). The 458-and 514-nm argon laser lines were used alternately to excite CFP and YFP, respectively, and a 561-nm diode was used to excite cell wall autofluorescence. Specific emission windows of 465 to 490 nm, 525 to 550 nm, and 620 to 720 nm were used for CFP, YFP, and autofluorescence signals, which were colored in magenta, green, and red, respectively. The YFP and the combined CFP plus autofluorescence signals were acquired alternately using the sequential mode. Images were processed using the Leica confocal ImageJ and Volocity version 6.0.1 (Perkin-Elmer) softwares. The images shown are maximal projections of selected planes of a Z-stack or threedimensional reconstructions of confocal image stacks.
Complementation Tests
Three weeks after A. rhizogenes transformation, M. truncatula composite plants carrying the appropriate binary vectors were transferred to perlitecontaining pots (three to four plants per pot) placed in mini heating greenhouses in the growth chamber. Pots were watered every day and supplied with liquid Fahraeus medium once per week. Roots were inoculated with the Sm 2011-lacZ rhizobial strain (5 mL per pot; OD 600 = 1) 3 and 10 d after transfer to perlite pots, and nodule formation was scored 4 weeks after inoculation. Microscopic analysis of b-galactosidase-stained rhizobia was used to evaluate bacterial infection of RHs, cortex, and nodule tissues. For analyzing the complementation of NF-elicited pENOD11:GUS fusion expression in the transformed roots, composite plants were transferred to pouch paper/agar plates (nitrogen and antibiotic free) and treated with NFs as described above. The expression of the transformed pERN:YFP-ERN fusion was verified by quantitative RT-PCR on random roots or nodule samples per construct from two independent biological experiments. Complementation tests were performed using three to five independent biological experiments.
Quantitative RT-PCR Analysis
Total RNA was extracted from M. truncatula roots using the MachereyNagel total RNA isolation kit according to the manufacturer's instructions and according to Andriankaja et al. (2007) . The DNA-free RNA samples were quantified, and RNA integrity was checked by Agilent RNA Nano Chip (Agilent Technologies). First-strand complementary DNA synthesis was performed using 1 mg of total RNA with an anchored oligo(dT) and SuperScript II (Invitrogen) or Roche reverse transcriptases following their manufacturers' protocols. Quantitative RT-PCR was performed on 384-well plates, with the Light Cycler 480 system (Roche) and using the SYBR Green I Master mix (Roche), according to the manufacturer's instructions. Each reaction was performed with 2 mL of a 1:20 (v/v) dilution of the first complementary DNA strand, with 0.5 mM of each primer in a total reaction volume of 7 mL. The cycling conditions were as follows: 95°C for 5 min followed by 45 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 20 s, and extension at 72°C for 20 s. PCR amplification specificity was verified by analysis of the dissociation curve at the end of the PCR cycles by heating samples from 65°C to 95°C. Primer pairs to amplify Ubiquitin, ERN1, ERN2, EFD, ENOD12, and ENOD11 are listed in Supplemental Table S1 . Transcript levels for each of the target genes were normalized to the endogenous Ubiquitin transcript level. The data shown are mean values obtained from three to five independent biological experiments with two to three technical repeats.
Sequence data from this article can be found in the GenBank/EMBL data libraries under the accession number ID1579228.
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